The influence of microalloying elements on nucleation and growth kinetics of allotriomorphic ferrite has been investigated by means of dilatometric and microstructural analysis in five medium carbon-manganese steels (0.3 wt-% C -1.4 wt-% Mn). A careful comparison of the nucleation and growth kinetics curves of a C-Mn steel and microalloyed steels containing V, Ti and Mo subjected to isothermal transformation, showed that V and Mo delay the allotriomorphic ferrite transformation whereas Ti speeds it up.
Introduction
Recent works have demonstrated that medium carbon microalloyed forging steels with acicular ferrite microstructure can be manufactured at industrial scale [1] [2] [3] [4] [5] . The main interest of this microstructure lies in the good combination of mechanical properties that presents as compared with bainite and especially with ferritic-pearlitic microstructures. In those steels, acicular ferrite is always formed after the growth of allotriomorphic ferrite and pearlite. As a consequence, acicular ferrite transformation is inevitably influenced by previous allotriomorphic ferrite formation. The role of the allotriomorphic ferrite to promote the formation of acicular ferrite to the detriment of bainite has been reported in previous works [6] [7] [8] [9] . The results of these investigations allow concluding that the amount of acicular ferrite increases as allotriomorphic ferrite is present along the austenite grain boundaries. Therefore, with the aim of understanding the decomposition of austenite into allotriomorphic ferrite, the total amount of acicular ferrite present in the microstructure should be controlled. Although several investigations have been reported in the literature [10] [11] [12] [13] about the decomposition kinetics of austenite into allotriomorphic ferrite in medium carbon microalloyed steels, there is a lack of information about the role of the microalloying elements on this phase transformation.
The purpose of this investigation is to clarify experimentally the influence of Ti, V, V-Ti and VTi-Mo additions on the nucleation and growth kinetics of austenite-to-allotriomorphic ferrite transformation and, indirectly, on the development of the intragranular formation of acicular ferrite in microalloyed forging steels. 3 
Materials and experimental procedures
A conventional carbon manganese steel (C-Mn) and four microalloyed steels with different titanium, vanadium and molybdenum contents have been considered for this investigation. Their chemical compositions are shown in Table 1 . Table 1 . Chemical compositions (mass %). The isothermal decomposition of austenite into allotriomorphic ferrite has been analyzed by means of an Adamel Lhomargy DT1000 high-resolution dilatometer described elsewhere [14] .
The dimensional variations of the cylindrical specimen (2 mm in diameter and 12 mm in length)
are transmitted via an amorphous silica pushrod. These variations are measured by a linear variable differential transformer (LVDT) sensor in a gas-tight enclosure enabling to test under vacuum or in an inert atmosphere. The DT1000 dilatometer is equipped with a very low thermal inertia radiation furnace. The power radiated by two tungsten filament lamps is focussed on the specimen by means of a bi-elliptical reflector. The temperature is measured with a 0.1-mm diameter Chromel-Alumel (Type K) thermocouple welded to the specimen. Cooling is carried out by blowing a jet of helium gas directly onto the specimen surface. The helium flow-rate during cooling is controlled by a proportional servovalve. These devices ensure an excellent efficiency 4 in controlling the temperature and holding time of isothermal treatments and also ensure fast cooling (200 Ks -1 ) in quenching processes. Dilatometric samples were austenitized in vacuum (1 Pa) at a constant rate of 5 ºC/s. Since the prior austenite grain size (PAGS) exerts an important influence on the growth kinetics of allotriomorphic ferrite [15] [16] [17] [18] [19] , austenitization conditions were selected to obtain similar PAGS in all the steels (Table 2) . A coarse PAGS of 70 µm approximately was selected to achieve a slow growth rate of the allotriomorphs and thus facilitate the investigation of the growth kinetics of allotriomorphic ferrite. After austenitization, specimens were isothermally transformed at temperatures ranging from 973 to 873 K at different holding times and subsequently quenched to room temperature. Specimens were grounded and polished using standardized metallographic techniques. 2 pct-Nital etching solution was used to reveal the ferrite microstructure by optical microscopy. The volume fraction of allotriomorphic ferrite (vfAF) was estimated from optical micrographs by an unbiased systematic manual point counting procedure based on stereological principles [20] .
The nucleation time for allotriomorphic ferrite can be defined as the minimum time at which it is possible to detect a few allotriomorphs (vfAF < 1%) nucleated on the austenite grain boundaries. 5 This parameter has been measured by dilatometry and optical metallography. A detailed analysis of the dilatometric curve associated to the isothermal decomposition of austenite (relative change in length (dL/Lo) versus time (t)) ( Fig. 1) allows determining an interval of time, Dt, in which it is more likely to find the nucleation time. Subsequent isothermal heat treatments were carried out at different holding times within the Dt interval. Finally, an accurate metallographic analysis determined the nucleation time. The temperatures (T i ) at which the nucleation time of allotriomorphic ferrite nucleation (t i ) is minimum (nose of the nucleation curves) are reported in Table 3 . T i temperature is approximately the same for C-Mn, V, Ti and V-Ti steels (~898 K). In this sense, V, Ti and V-Ti additions do not exert any influence on this temperature. However, the molybdenum content in V-Ti-Mo steel raises T i temperature to 923 K, which is consistent with Kinsman and Aaronson's work [21] .
Micrographs in Fig. 3 show the initial stage of allotriomorphic ferrite formation in the five steels investigated in this work at their respective T i temperatures. On the other hand, the effect of microalloying elements on the growth kinetics of allotriomorphic ferrite has been studied. With that purpose, the T i temperatures listed in Table 3 have been selected. Experimental results of the isothermal decomposition kinetics are shown in Fig. 4 for the five steels. In this figure, the nucleation time (t i ) of each steel is taken as origin of time. At these T i temperatures, the total isothermal decomposition of austenite yields to a ferrite-pearlite microstructure in all the studied steels. Table 4 lists the time required to nucleate pearlite in all these steels, taking as origin the corresponding t i nucleation time of allotriomorphic ferrite.
In Fig. 4 the vfAF formed at times longer than pearlite nucleation (Table 4) investigations [22, 23] . The nucleation time of pearlite is found much longer in this steel (Table   4 ). Vanadium and titanium also seem to have a certain influence on the nucleation of pearlite.
Conclusions
Vanadium delays the nucleation and growth kinetics of allotriomorphic ferrite in medium carbonmanganese steels (0.3 wt-% C -1.4 wt-% Mn), whereas titanium speeds up both of them. The addition of 0.12 wt-% Mo in a microalloyed steel containing vanadium and titanium significantly delays the nucleation and growth kinetics of allotriomorphic ferrite.
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